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Edited by Christian GriesingerAbstract Cellobiohydrolase A (CbhA) from Clostridium ther-
mocellum is composed of an N-terminal carbohydrate-binding
domain 4 (CBD4), an immunoglobulin-like domain (Ig), a glyco-
side hydrolase 9 (GH9), X11 and X12 domains, a CBD3, and a
dockerin domain. All domains, except the Ig, bind Ca2+. The
following constructs were made: X12, X11X12, CBD3, X11X12-
CBD3, Ig, GH9, Ig-GH9, Ig-GH9-X11X12, and Ig-GH9-
X11X12-CBD3. Interactions between domains in (1) buﬀer, (2)
with Ca2+, or (3) ethylenediaminetetraacetic acid (EDTA) were
studied by diﬀerential scanning calorimetry. Thermal unfoldings
of all constructs were irreversible. Calcium increased Td and
cooperativity of unfolding. Multi-domain constructs exhibited
more cooperative unfolding in buﬀer and in the presence of
EDTA than did individual domains. They denatured by mecha-
nism simpler than expected from their modular architecture.
The results indicate that domain coupling in thermophilic pro-
teins constitutes a signiﬁcant stabilizing factor.
 2005 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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The high molecular mass cellobiohydrolase A (CbhA) is an
abundant component of a multi-protein complex called the
cellulosome from the anaerobic thermophilic bacterium Clos-
tridium thermocellum [1,2]. The cellulosome contains over 25
diﬀerent proteins, mostly hydrolytic enzymes, and is capable
of eﬃcient hydrolysis of plant cell wall polysaccharides. Most
of the known cellulosome components have modular architec-
tures. Several domains of the cellulosome expressed individu-
ally demonstrated independent folding and valid biological
function [1,3]. For convenience, the catalytic domains of cellu-
losome subunits were organized into over 100 families of gly-
coside hydrolases (GHs) on the basis of sequence similarity.
Members of a particular GH family possess a common foldAbbreviations: CbhA, cellobiohydrolase A; DSC, diﬀerential scanning
calorimetry; GH, glycoside hydrolase; CBD, carbohydrate-binding
domain; Ig, immunoglobulin-like domain; X1, domain of unknown
function of family 1; EDTA, ethylenediaminetetraacetic acid
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(CBDs) have similarly been placed into 43 families [4]. For
some domains the biological function has not been established
yet. Such domains are designated as ‘‘X’’ domains. Numerous
observations indicate that domains in GHs are not randomly
combined. In particular, CBDs have a tendency to be associ-
ated with catalytic domains of a particular GH family and to
be located in a particular place in the polypeptide. Immuno-
globulin-like domains (Igs) often, but not necessarily, precede
catalytic domains of family GH9. Fibronectin type 3-like do-
mains are often du- or triplicated and located between the cat-
alytic and binding domains [1]. These ﬁndings imply that the
domains in GHs interact, and these interactions graft new
properties on domain-structured polypeptides. Detailed stud-
ies of the domain interactions in GHs provide clues to a more
rational construction of truncated, modiﬁed, or chimeric en-
zymes of high eﬃciency and stability for industrial use.
In our previous work we demonstrated, mainly using circu-
lar dichroism spectroscopy, that individually expressed do-
mains might not be as stable as the whole polypeptide, that
association of an unstable domain with its native neighbor
might stabilize this domain [5], that in chimeric polypeptides
containing domains of diﬀerent origin these domains might
destabilize each other [6], and that modiﬁcation of the domain
interface by mutagenesis signiﬁcantly aﬀects the structure, sta-
bility and function of the modular polypeptide [7].
In the present publication, we report further studies of do-
main interactions in an eight-domain CbhA from C. thermocel-
lum. It is composed, starting from the N-terminus, of a CBM4
(residues 40–200), an Ig-like domain (residues 210–309), a cat-
alytic domain GH9 (residues 310–815), X11 and X12 domains
(residues 820–912 and 914–1000, respectively), a CBD3 (resi-
dues 1014–1151), and a dockerin domain (residues 1164–
1230) (Fig. 1) [8].2. Materials and methods
2.1. Bacterial strains, culture conditions, and plasmids
C. thermocellum JW20 was used as a source of genomic DNA. The
bacterium was grown anaerobically under a N2 atmosphere at 60 C in
a pre-reduced medium with 1% (wt/vol) cellobiose [9]. E. coli
BL21(DE3)pLys (Stratagene Cloning Systems, La Jolla, CA) was used
as a cloning host for the T7 RNA polymerase expression vector pET-
21b(+) (Novagen, Madison, WI). It was grown in Luria–Bertani med-
ium supplemented with ampicillin (100 lg/ml).ation of European Biochemical Societies.
Fig. 1. Domain structure of cellobiohydrolase CbhA and its truncated variants used in the present study. Abbreviations: CBD4 and CBD3,
carbohydrate-binding domains of family 3 and 4, respectively; Ig, immunoglobulin-like domain; GH9, catalytic domain of family 9 GHs; X11 and
X12, ‘‘X’’ domains of family 1; D, dockerin domain. The content of calcium is also shown.
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The modular architectures of CbhA and all truncated variants used
in the present study are illustrated in Fig. 1. Flanking primers contain-
ing NheI and NotI restriction sites for cloning were designed according
to the DNA sequence of cbhA (Accession No. X80993) and synthesized
with an Applied Biosystems DNA synthesizer. DNA fragments were
ampliﬁed by PCR using the primers in combination with puriﬁed geno-
mic DNA as a template. PCRs were done on a 480 Thermal Cycler
(Perkin–Elmer, Norwalk, CT). The reactions were carried out with
Taq polymerase (New England Biolabs, Beverly, MA). The annealing
temperature was 54 C and the extension time depended on the length
of the fragment. PCR products were separated by 1% agarose gel elec-
trophoresis and extracted from the gel using the Geneclean II Kit (Bio
101, La Jolla, CA). The extracted DNA fragments were digested with
restriction enzymes and ligated into the pET-21b(+) vector linearized
with the same enzymes. The ligation products were used to transform
BL21(DE3)pLys competent cells. Each construct was veriﬁed by both
restriction analysis and DNA sequencing.2.3. Protein puriﬁcation
All polypeptides were 6xHis tagged at the C-terminus. They were
puriﬁed from BL21(DE3)pLys cultures harboring pET-21b(+) con-
taining the DNA fragment of interest. Harvest was 5 h after induction
with 1 mM isopropyl-b-D-thiogalactopyranoside. All puriﬁcation steps
were done at 4 C, except for the FPLC column chromatography,
which was carried out at room temperature. After collection, the cells
were washed with 20 mM Na-phosphate buﬀer, pH 7.5, containing
0.5 M NaCl (buﬀer A) and disintegrated using a French Press. Cell
debris was removed by centrifugation at 20000 · g for 30 min. The
clear supernatant was applied to a Ni-NTA agarose (Qiagen Inc.,
Valencia, CA) column equilibrated with buﬀer A. The column was
then washed with 20 mMNa-phosphate–0.5 M NaCl, pH 6.0. Proteins
were eluted by a gradient of 0.0–0.5 M imidazole, pH 6.0. Fractions
containing imidazole-eluted proteins were combined, concentrated by
precipitation with (NH4)2SO4, and dialyzed against 20 mM Tris–HCl
buﬀer, pH 7.5, containing 0.1 M NaCl. Dialyzed proteins were furtherpuriﬁed by gel-ﬁltration on a TSK 3000SW column equilibrated with
the dialysis buﬀer (TosoHaas, Montgomeryville, PA). Eluted samples
were concentrated using Centricon 3 concentrators (Amicon, Inc., Bev-
erly, MA) and stored at 4 C. All proteins were assayed for homogene-
ity by SDS/PAGE.2.4. Protein determination
During early stages of puriﬁcation, protein concentrations were
determined using the Coomassie Protein Assay Reagent (Pierce, Rock-
ford, IL). Concentrations of puriﬁed proteins were determined on the
basis of A278 values. Each protein was extensively dialyzed against
20 mM Na-phosphate buﬀer, pH 6.0, and then the solution was centri-
fuged at 20,000 · g for 60 min. The absorbance was read using the dial-
ysis buﬀer as a blank. Molar absorption coeﬃcients eM calculated from
tryptophan and tyrosine contents were (M1 cm1): 10810 for X12;
14650 for X11X12; 19830 for CBD3; 34480 for X11X12-CBD3;
21650 for Ig; 139690 for GH9; 161340 for Ig-GH9; 195820 for Ig-
GH9-X11X12; and 215650 for Ig-GH9-X11X12-CBD.2.5. Diﬀerential scanning calorimetry (DSC) measurements and data
analysis
DSC measurements were carried out using a Calorimetry Sciences
Corp. (Spanish Fork, UT) MS-DSC with three identical chambers so
that up to three samples can be heated at a time. All samples were
intensively dialyzed against 20 mM sodium phosphate buﬀer (pH
6.0) before the measurements. To evaluate the eﬀect of calcium and
ethylenediaminetetraacetic acid (EDTA) on thermal unfolding, the
proteins were incubated overnight with 2 mM CaCl2 or 2 mM EDTA
in the above buﬀer.
In this buﬀer, no precipitate was observed in any solution containing
Ca2+ prior to thermal denaturation. Protein solutions at a concentra-
tion of 6 mg/ml and volume of 0.5 ml were heated in sealed metal cups
from 15 to 100 C at a heating rate of 60 C/h. Disposable 50 ll glass
pipettes (Fischer Scientiﬁc, Tampa, FL) were broken into short
segments and added to the protein solutions before heating to reduce
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I.A. Kataeva et al. / FEBS Letters 579 (2005) 4367–4373 4369precipitation artifacts. A control scan of buﬀer with broken glass was
initially used as a baseline. After heating, the samples were cooled to
15 C and re-heated to check the reversibility of thermal denaturation.
The same results were obtained, subtracting the reheating scan or sub-
tracting the separate buﬀer plus glass fragment scan. Data were pro-
cessed using a CpCalc Data Analysis Software (Calorimetry Sciences
Corp.). Apparent (vant Hoﬀ) denaturation enthalpies were calculated
using the following equation [10]:
DdH v.H. ¼ 4RT 2dCpðT dÞ=DdH cal;
where Td is the denaturation temperature (K) (temperature of maxi-
mum heat capacity), Cp(Td) is the excess partial heat capacity at the
denaturation temperature (kcal mol1) and DdHcal is the calorimetric
denaturation enthalpy (kcal mol1). The number of cooperative units
r was calculated from the ratio DdHcal/DdHv.H.
We also calculated, for comparative purposes, the width in degrees
at half the maximum excess partial heat capacity, called the half-width
or DT1/2 [11,12]. This has also been employed to a measure of the coop-
erativity of a thermal transition: a smaller DT1/2 value is taken as an
indication of greater cooperativity [11,12].Cp
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Fig. 2. Representative DSC thermograms observed during the thermal
unfolding of a three-domain construct X11X12-CBD3 in 20 mM
sodium-phosphate buﬀer, pH 6.0. (A) A thermogram in the absence of
glass fragments showing an exothermic event attributed to a protein
aggregation phenomenon and (B) a thermogram in the presence of
glass fragments.
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Fig. 3. Dependence of the excess partial heat capacity domain
combination X11X12-CBD3 on temperature at diﬀerent heating rates:
(1) 0.5/min, (2) 1.0/min, and (3) 2/min.3. Results and discussion
3.1. Quality of proteins
All proteins were puriﬁed close to homogeneity according to
SDS/PAGE analysis. As they bound to the Ni-NTA aﬃnity
column and had molecular masses close to these calculated
from the deduced amino acid sequences, we concluded that
the C-termini were intact and the proteins were not signiﬁ-
cantly proteolyzed from the N-termini.
3.2. Reversibility of thermal unfolding
Thermal unfoldings of all proteins were completely irrevers-
ible and accompanied by protein aggregation occurring during
or after the unfolding transition. A typical thermogram, of
X11X12-CBD3, is shown in Fig. 2. The positive endothermic
peak on the thermogram (2A) is produced by the protein ther-
mal denaturation. The negative endothermic peak occurs as a
result of aggregation. Partial overlapping of the two peaks sig-
niﬁcantly aﬀects determination of the correct denaturation en-
thalpy DdHcal [13,14]. To eliminate the contribution of the
negative peak we added pieces of a disposable glass micropi-
pette to each DSC cell. The thermogram of the same construct
obtained in the presence of glass is shown in Fig. 2B. Only the
endothermic peak with a similar denaturation temperature but
of a much greater amplitude than in Fig. 2A is present. Calo-
rimetric enthalpies DdHcal calculated based on ﬁgures A and B
were 132.5 and 242.8 kcal mol1, respectively. We believe
the broken glass fragments reduce the amplitude of the enthal-
py change occurring when precipitated protein hits the base of
the metal cup in which the protein is heated. This is by
mechanically intercepting the precipitating material, perhaps
reducing its velocity, but certainly dispersing the precipitation
over a much greater eﬀective area. Whatever the mechanism,
the results presented in Fig. 2 appear to be conclusive, and
we recommend use of broken disposable glass micropipettes
in situations in which protein precipitation occurs.
Due to irreversibility of the unfolding, the second scan of
each protein did not diﬀer from the buﬀer scan and could also
be used as a baseline. A typical example of a non-equilibrium
thermal transition is shown in Fig. 3. Parameters such as
numbers of transitions and cooperativity can also be obtained
from the CpCalc software. These are derived, assuming
reversible thermal transitions. Ours are not, and analysis of
4370 I.A. Kataeva et al. / FEBS Letters 579 (2005) 4367–4373the calorimetric data of X11X12-CBD3 obtained at diﬀerent
scan rates (Fig. 3) indicated that the system is rather under ki-
netic than under thermodynamic control [15–17]. Conse-
quently, the parameters we present should be seen as
meaningful for comparative purposes only.Fig. 4. Denaturation peaks obtained for diﬀerent constructs of CbhA in (1) 20
Ca2+as well or (3) in the presence of 2 mM EDTA as well.3.3. Denaturation parameters in the presence and absence of
calcium
Fig. 4 shows thermograms of all proteins used in the present
study. The corresponding denaturation parameters are given in
Table 1. As all domains except the Ig bind calcium (Fig. 1)mM sodium-phosphate buﬀer, pH 6.0 and (2) in the presence of 2 mM
Table 1
Denaturation parameters of CbhA individual domains and their combinations
Protein Mol. mass
(Da)
Solvent Td
a (C) DTdb (C) DdHcalc
(kcal mol1)
P
DdHInd
d
(kcal mol1)
DdHv.H.
e
(kcal mol1)
rf (DdHcal/DdH
v.H.) DT1/2
g
(C)
X12 9439 Buﬀer 77.6 110.9 – 69.9 1.72 15.7
CaCl2 81.3 +3.7 131.8 – 104.5 1.26 8.5
EDTA 76.1 1.5 106.9 – 98.8 1.09 10.5
X11X12 19605 Buﬀer 78.7 126.9 – 106.4 1.31 9.3
CaCl2 80.5 +1.8 131.2 – 127.3 1.03 4.2
EDTA 75.2 3.5 127.2 – 137.1 0.93 6.1
CBD3 16444 Buﬀer 82.7 85.5 – 144.7 0.59 6.5
CaCl2 82.8 +0.1 118.2 – 165.8 0.71 3.0
EDTA 77.2 5.5 101.6 – 137.0 0.74 5.5
X11X12-CBD3 36514 Buﬀer 83.7 252.0 212.4 255.0 0.99 5.5
CaCl2 84.5 +0.8 259.5 249.4 250.2 1.04 4.5
EDTA 77.6 6.1 261.8 228.8 257.5 0.84 4.5
Ig 11687 Buﬀer 73.6 66.7 – 47.2 1.41 18.5
CaCl2 72.5 1.1 75.9 – 55.6 1.37 16.3
EDTA 73.8 +0.2 65.7 – 51.5 1.29 18.2
GH9 56898 Buﬀer 68.3 279.8 – 100.0 2.80 13.5
CaCl2 74.2 +5.9 353.9 – 206.5 1.71 6.8
EDTA 64.2 4.1 135.4 – 148.9 0.91 6.0
Ig-GH9 68497 Buﬀer 77.9 565.6 346.5 309.8 1.83 5.7
CaCl2 78.4 +0.5 596.2 429.8 338.9 1.76 5.4
EDTA 73.1 4.8 526.1 201.1 249.5 2.11 5.6
Ig-GH9-X11X12 88375 Buﬀer 77.7 593.5 473.4 261.6 2.28 6.1
CaCl2 79.0 +1.3 666.9 561.0 596.8 1.12 4.8
EDTA 75.7 2.0 625.5 328.3 221.0 2.81 5.2
Ig-GH9-X11-X12-CBD3 105285 Buﬀer 82.3 797.3 558.9 373.1 2.14 6.0
CaCl2 83.1 +0.8 835.0 679.2 449.6 1.86 4.1
EDTA 77.4 4.9 734.5 429.9 252.6 2.90 5.3
aDenaturation temperature.
bChange of denaturation temperature.
cCalorimetric denaturation enthalpy.
dSum of calorimetric denaturation enthalpies of individual domains.
eApparent (vant Hoﬀ) enthalpy.
fNumber of cooperative units.
gPeak width at half maximum excess partial heat capacity.
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teins in (1) 20 mM sodium-phosphate buﬀer, pH 6.0, (2) with
2 mM calcium also, or (3) 2 mM EDTA instead of calcium.
The individual domains, X12, CBD3, Ig, and GH9, possess rel-
atively independent folding as upon heating they unfold as
cooperative units (Fig. 4A, C, E, and F). As expected, thermo-
grams of the Ig domain in buﬀer, calcium, or EDTA looked
alike with Td of 72.5–73.8 C, a half-width (DT1/2) of 16.3–
18.5 C, DdHcal of 65.7–75.9 kcal mol1, and r value of 1.41–
1.29 (Table 1, Fig. 4E). Eﬀects of calcium or EDTA on thermal
denaturation of other constructs can be summarized as
follows: (1) In buﬀer (i.e., endogenous Ca2+ only present),
thermal denaturations of all proteins, except CBD3 and
X11X12-CBD3, had greater half-widths and lower r values
than in the presence of calcium; (2) calcium increased Td,
DdHcal, and decreased DT1/2 and r values of unfoldings
although to diﬀerent extents; (3) EDTA decreased Td values
and also reduced in many cases the half-width and r values
of thermal denaturation.
In previous experiments we showed that all calcium-binding
centers were occupied as long as incubation with calcium fol-lowed by dialysis did not increase the amount of calcium
bound to these proteins [5,19]. The reduced half-widths of
thermal transitions and higher Td values of the constructs
in the presence of Ca2+ shows that calcium signiﬁcantly stabi-
lizes the proteins. The fact that in buﬀer the proteins displayed
lower denaturation temperatures and broader thermal transi-
tions in comparison with the same proteins in the presence
of calcium is probably due to reversible dissociation of calcium
upon heating (until calcium-binding centers are destroyed). In
the presence of 2 mM calcium, the equilibrium is shifted to-
wards association of calcium and proteins. We interpret the
lower half-width values of thermal unfolding observed for
most proteins in the presence of EDTA in comparison to that
in the buﬀer as a result of decreased heterogeneity of the pro-
tein populations. In contrast, thermal denaturation in buﬀer
indicated co-existence of protein molecules (1) containing
calcium bound to all binding centers, (2) with partially lost cal-
cium, and (3) apoproteins without calcium. Addition of EDTA
led to the presence of only apoprotein in the sample and in
some cases lower half-width values (greater cooperativity of
thermal unfolding).
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The results reported here provide evidence for interactions
between domains in CbhA (Fig. 4, Table 1). Comparison of
DdHcal and DdHv.H. gives the calculated number of cooperative
units r in the system, i.e., is also often presented as a measure of
cooperativity of the thermal transitions. In an ideal case, when
the polypeptide is one cooperative unit, the calorimetric and
vant Hoﬀ enthalpies are equal giving r = 1. As the vant Hoﬀ
enthalpy depends on the shape of the endotherm (the greater
the cooperativity, the sharper the transition and vice versa),
the value of the half-width can also be used to approximate the
cooperativity of the transition. The r values of the individual
domains often deviate from 1 (Table 1). The r values in buﬀer
of X12, Ig, and GH9 are higher than 1. This is interpreted that,
although the individual domains preserved their overall native
conformation, the cooperativity of thermal unfolding is low.
The half-width values of the X12, Ig, and GH9 domains are
also relatively high: 15.7, 18.5 and 13.5 C, respectively. The
denaturation of the CBD3 looks more cooperative as it occurs
within 6.5 C. Surprisingly, the r value of the CBD3 is less than
1 (0.59). As we did not observe any oligomerization of the
CBD3 revealed by sedimentation equilibrium analysis (data
not shown), this result is not quite clear.
Comparison of the DT1/2 and r values of thermal denatur-
ation of X12 in (1) buﬀer, (2) in the presence of Ca
2+, and
(3) in the presence of EDTA to the corresponding values for
the domain pair X11X12 clearly shows that the attachment
of X12 to X11 aﬀect both parameters, which is evidence for
interaction (Table 1, Fig. 4B). Addition of CBD3 to the
X11X12 construct led to a further increase of Td, and decrease
of DT1/2 values. The r values of X11X12-CBD3 under all con-
ditions are close to 1, i.e., the three-domain construct is a sta-
ble cooperative unit.
Based on Td and DT1/2 values, the small Ig domain is the
least stable individual domain. The large 57-kDa GH9 domain
in buﬀer has a Td of 68.3 C and a DT1/2 value of 13.5 C (Ta-
ble 1, Fig. 4F). The thermogram of the GH9 domain in buﬀer
is asymmetric and cooperativity is low (r = 2.8). This deﬁnitely
is associated with the fact that the GH9 binds two moles of cal-
cium. Dissociation of calcium from the protein upon heating
leads to the existence of up to four populations of the domain.
We suggest these are: with two Ca2+, without calcium, and
with calcium bound to either one or the other of the two Ca-
binding centers. In the presence of calcium, the right relatively
sharp peak with a Td of 74.2 C probably corresponds to the
GH9 saturated with calcium; the left shoulder reﬂects the exis-
tence of other population(s) of the polypeptide. Excess EDTA
destabilizes GH9 which displays a Td of 64.2 C and a lower
denaturation enthalpy. Combination of the GH9 domain with
the Ig domain (Fig. 4G, Table 1) results in an increase of ther-
mal stability and cooperativity of denaturation as seen from
Td, and DT1/2 and r values, respectively. All three thermograms
of Ig-GH9 look symmetric, indicating a relative homogeneity
of the protein population. It is interesting to note that the indi-
vidual GH9 domain is stabilized by calcium while in the Ig-
GH9 construct, domain interactions prevail as a stabilizing
factor (see corresponding thermograms in buﬀer and in the
presence of calcium). Even in the absence of calcium, the Ig-
GH9 construct shows a higher Td and a lower DT1/2 value of
thermal unfolding than does GH9 alone. Increasing the num-
ber of domains in one polypeptide (Ig-GH9-X11X12 and Ig-
GH9-X11X12-CBD3 constructs) led to a gradual increase ofTd. The DT1/2 and r values of Ig-GH9, Ig-GH9-X11X12, and
Ig-GH9-X11X12-CBD3 are similar, even though the molecular
masses of each next construct are increasing with the attach-
ments of new domains (Fig. 4G–H, Table 1). Finally, the do-
main interactions are clearly seen from the comparison of
the calorimetric enthalpy values observed for the domain-com-
posed constructs and those calculated as a sum of calorimetric
enthalpies of the individual domains. The DdHcal values of the
constructs X11X12-CBD3, Ig-GH9, Ig-GH9-X11X12, and Ig-
GH9-X11X12-CBD3 under all experimental conditions are sig-
niﬁcantly higher than the corresponding sums of calorimetric
enthalpies of individual domains (Table 1).
It is noticeable that r values of the larger constructs, 88 kDa
four-domain Ig-GH9-X11X12 and 105 kDa ﬁve-domain Ig-
GH9-X11X12-CBD3, are only 2.28 and 2.14, respectively,
i.e., signiﬁcantly less than the number of domains in each poly-
peptide. This observation supports suggestions that in
(hyper)thermophilic modular polypeptides, domains are much
more coupled than in regular proteins [1,20,21]. A similar
observation has been made with a ﬁve-domain xylanase A
from the hyperthermophile Thermotoga maritima [20], and a
cII-Crystallin [22]. In contrast, a two-domain xylanase A from
a mesophilic fungus Streptomyces lividans displays two unfold-
ing transitions close to those of the two individual domains
[13].
In our previous work we demonstrated that grafting of a do-
main from one thermostable protein to a domain of another
thermostable protein signiﬁcantly destabilizes the chimeric
construct although each individually expressed domain was
highly stable [6]. This observation and other data [1,19,23]
are evidence that the interactions between naturally neighbor-
ing domains are speciﬁc and dependent on the nature of the
residues lying in the domain interface. They cannot be repro-
duced upon combination with a new partner.
The folding of multi-modular proteins is not completely
understood. There are two general viewpoints concerning this
process. According to one of them, domains in modular pro-
teins fold simultaneously and autonomously. The ability of a
long polypeptide chain to fold in several places at a time min-
imizes its misfolding and is considered as a great achievement
acquired during protein evolution [24]. According to a recent
model of ‘‘sequential folding’’, even a small globular protein
is composed of a discrete ‘‘foldon building blocks’’ folding in
a step-wise manner and sequentially stabilizing the overall
structure [25,26]. In our construct of the CbhA, the Ig domain
is the N-terminal domain (Fig. 1). Addition of each next nat-
ural neighbor to the C-terminus of the Ig giving IG-GH9,
IG-GH9-X11X12, and ﬁnally IG-GH9-X11X12-CBD3 gradu-
ally stabilizes the protein structure. This observation is in line
with a ‘‘sequential folding’’ model. In general, domain interac-
tions within modular proteins is a signiﬁcant stabilizing factor
and deserve to be studied in more detail.
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